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AEROTHERMAL AND STRUCTURAL PERFORMANCE OF A COBALT-BASE 
SUPERALLOY THERMAL PROTECTION SYSTEM AT MACH 6.6 
James Wayne Sawyer 
Langley Research Center 
SUMMARY 
A f l igh tweight ,  metallic thermal p r o t e c t i o n  system (TPS) a p p l i c a b l e  t o  
r e e n t r y  and hypersonic  v e h i c l e s  was subjec ted  t o  m u l t i p l e  cyc le s  of  both r a d i a n t  
and aerothermal  hea t ing  i n  o rde r  t o  eva lua te  i ts aero thermal  performance and 
s t r u c t u r a l  i n t e g r i t y .  The TPS cons i s t ed  of  a 108.0-cm by 152.4-cm (42.5-in.  by
60-in.)  co r ruga t ion - s t i f f ened  s k i n  and suppor t s  fabricated from a cobalt-based 
a l l o y  (L-6051, a 5-cm (2- in . )  t h i c k  microquartz  i n s u l a t i o n  b lanket  enclosed i n  
an incone l  f o i l ,  and a t i t an ium s h e e t  which s imulated t h e  v e h i c l e  primary s t r u c ­
t u r e .  The TPS was sub jec t ed  t o  32 thermal tests, 13 o f  which were aerothermal  
tests. A l l  tests were conducted i n  the  Langley 8-foot high-temperature s t r u c ­
t u r e s  tunne l  w i t h  the co r ruga t ions  a l igned  i n  the  stream d i r e c t i o n .  For t h e  
aerothermal  t es t s ,  t he  nominal f ree-s t ream Mach number w a s  6 .6 ,  and u n i t  
Reynolds number was 5 .5  x 106/m (1 .7  x 1 0 6 / f t ) .  The TPS w a s  heated by t h e  radi­
a n t  lamps f o r  a cumulated t o t a l  of  6.59 hours  a t  a s u r f a c e  temperature  of approx­
imately 1145 K (20600 R )  and was t e s t e d  i n  t h e  stream f o r  a cumulated t o t a l  of 
423 sec. 
The TPS demonstrated good thermal p r o t e c t i o n  under both a r a d i a n t  and 
aerothermal  heating environment r e p r e s e n t a t i v e  of  a s h u t t l e  e n t r y .  S t r u c t u r a l  
i n t e g r i t y  of the TPS was maintained throughout t h e  t es t  ser ies .  S t r u c t u r a l  rug­
gedness w a s  demonstrated by the TPS when it s u f f e r e d  only minor damage upon 
being i n a d v e r t e n t l y  sub jec t ed  t o  uncont ro l led  r ap id  overhea t ing  and cool ing ,  par­
t i c l e  impact due t o  the  stream, and a r c i n g  between t h e  lamps and t h e  panel  w i t h  
only minor damage. The s h i n g l e - s l i p  j o i n t s  e f f e c t i v e l y  allowed f o r  thermal 
expansion of the  panel  without  a l lowing  any apprec iab le  ho t  gas  flow i n t o  the  
TPS c a v i t y .  
INTRODUCTION 
The c o s t  of t r a n s p o r t a t i o n  t o  space by shu t t l e - type  v e h i c l e s  depends t o  a 
great e x t e n t  on t h e  e f f e c t i v e n e s s  of  the thermal  p r o t e c t i o n  systems (TPS). To 
minimize c o s t ,  t h e  TPS must be f u l l y  r eusab le  and have a long s e r v i c e  l i f e .  The 
Langley Research Center has undertaken an ex tens ive  t e s t i n g  program t o  assess 
the  thermal  and s t r u c t u r a l  performance of  va r ious  TPS i n  a r ea l i s t i c  aerothermal  
environment. Seve ra l  f u l l - s c a l e  TPS panels  have been designed,  f a b r i c a t e d ,  and 
tested as repor ted  i n  r e fe rences  1. t o  5. Both e x t e r n a l  i n s u l a t i o n  concepts  s i m i ­
lar  t o  that  chosen f o r  the space s h u t t l e  and metallic concepts  s u i t a b l e  f o r  
advanced space t r a n s p o r t s  or hypersonic  v e h i c l e s  are inc luded .  The r e s u l t s  
repor ted  he re in  are f o r  one o f  t he  metallic TPS i n  t he  test  series. 
The test  panel  cons i s t ed  of a co r ruga t ion - s t i f f ened  metallic s k i n ,  s t andof f  
suppor t s ,  and a microquartz  i n s u l a t i o n  package. The s k i n  and suppor t s  are f a b r i ­
cated from a cobal t -base material (L-605). The s k i n  was a t t ached  t o  t h e  s tand­
o f f s  by high-temperature b o l t s ,  and t h e  assembly was bo l t ed  t o  a t i t an ium s h e e t  
r e p r e s e n t a t i v e  of  a v e h i c l e  primary s t r u c t u r e .  The test  assembly w a s  designed 
and f a b r i c a t e d  by Grumman Aerospace Corporat ion f o r  a p p l i c a t i o n  a long  a 1255 K 
(22600 R) i so therm on t h e  s h u t t l e  o r b i t e r .  The panel  was sub jec t ed  t o  32 the r ­
mal tests,  13 of  which combined r a d i a n t  and aero thermal  hea t ing  t e s t  segments t o  
r ep resen t  an e n t r y  tempecature h i s t o r y .  A l l  tests were conducted i n  t he  Langley 
8-foot high-temperature s t r u c t u r e s  tunnel .  Forr t h e  aerothermal  tests, t h e  free-
stream Mach number was 6.6 and t h e  u n i t  Reynolds number was 5.5 x 106/m 
(1 .7  x 1 0 6 / f t ) .  
Ce r t a in  commercial materials are i d e n t i f i e d  i n  t h i s  paper i n  o rde r  t o  spec­
i f y  adequate ly  which materials were i n v e s t i g a t e d  i n  t h e  research e f f o r t .  I n  no 
case does such i d e n t i f i c a t i o n  imply recommendation o r  endorsement of t h e  product  
by NASA, nor  does it imply t h a t  t h e  materials are n e c e s s a r i l y  t h e  only ones o r  
t h e  best  ones a v a i l a b l e  f o r  the  purpose.  I n  many cases equ iva len t  materials are 
a v a i l a b l e  and would probably produce equ iva len t  r e s u l t s .  
SYMBOLS 
Values are g iven  i n  both SI Uni t s  and i n  U.S. Customary Uni t s .  The measure­
ments and c a l c u l a t i o n s  were made i n  U.S. Customary Uni t s .  
Mach number 
number of  half-waves i n  y -d i r ec t ion  over  width of pane l  
p r e s s u r e ,  Pa  ( p s i a )  
dynamic p r e s s u r e ,  Pa  ( p s i a )  
rate of heat t r a n s f e r  by conduct ion,  W/m2 (Btu / f t2-sec)  
rate of hea t  t r a n s f e r  by r a d i a t i o n ,  W/m2 (Btu / f t2-sec)  
u n i t  Reynolds number 
tempera ture ,  K (OR) 
time, sec 
panel  coord ina te s ,  cm ( i n . )  (see f i g .  9 )  
ang le  of attack, deg (see f i g .  9 )  
di f fe ren t ia l  p re s su re ,  p o s i t i v e  i n  z -d i r ec t ion ,  Pa  ( p s i )  
d e f l e c t i o n ,  p o s i t i v e  i n  z -d i r ec t ion ,  c m  ( i n . )  
I 
I.' 
w frequency, Hz 
Subscr ip ts :  
b pane 1-holder  base 
I l o c a l  cond i t ions  a t  edge of  boundary l a y e r  
S s u r f a c e  
t t o t a l  cond i t ion  i n  combustor 
a0 free stream 
APPARATUS AND TESTS 
Panel  
Design cr i ter ia . - The thermal  p r o t e c t i o n  system considered i n  t h e  p re sen t  
i n v e s t i g a t i o n  w a s  designed t o  p r o t e c t  primary s t r u c t u r e s  from high s u r f a c e  t e m ­
p e r a t u r e s  dur ing  100 e n t r y  cyc le s  t y p i c a l  of  those  expected on t h e  s h u t t l e  
o r b i t e r .  The e n t r y  s u r f a c e  temperature  and d i f f e r e n t i a l - p r e s s u r e  h i s t o r i e s  used 
i n  t h e  p re sen t  des ign  are shown i n  f i g u r e  1 .  A peak s u r f a c e  temperature  of 
1260 K (22600 R )  is obtained a t  700 sec; a t  t h i s  t i m e  t h e  s u r f a c e  d i f f e r e n t i a l  
p re s su re  is approximately 1.9 kPa (40 p s f ) .  The maximum primary s t r u c t u r e  t e m ­
pe ra tu re  is 500 K (gooo R )  and occurs  a t  approximately 1200 sec. The c r i t i ca l  
design s u r f a c e  d i f f e r e n t i a l  p re s su re  occurs  dur ing  a scen t  and i s  20.7 kPa 
(432 p s f ) .  
General  desc r ip t ion . - The thermal  p r o t e c t i o n  system eva lua ted  i n  t h e  pres­
e n t  i n v e s t i g a t i o n  w a s  designed and f a b r i c a t e d  by Grumman Aerospace Corporat ion 
and is shown i n  f i g u r e  2.  The system cons i s t ed  of t h e  fo l lowing  components: a 
co r ruga t ion - s t i f f ened  metall ic s k i n ,  f i v e  rows of s tandoff  suppor t s ,  and a micro-
qua r t z  i n s u l a t i o n  package. The s k i n  and suppor t s  were fabricated from a coba l t -
based material (L-605). The s k i n  was d iv ided  i n t o  two f u l l  bays and two ha l f  
bays; each bay spanned t h e  f u l l  width of  t h e  assembly. The f u l l  bays formed t h e  
c e n t e r  po r t ion  of  t h e  pane l  and t h e  two h a l f  bays formed t h e  l ead ing  and t ra i l ­
ing  edges of  t h e  panel .  Sh ing le - s l ip  j o i n t s  were employed a t  t h e  junc tu re  of  
t h e  c e n t e r  bays wi th  t h e  l ead ing  and t r a i l i n g  edges.  High-temperature b o l t s  
were used t o  a t t a c h  t h e  pane l  s k i n  t o  t h e  s t a n d o f f s  so as t o  fac i l i t a te  s k i n  
removal. The s k i n  and t h e  s tandoff  assembly were bo l t ed  t o  a t i t an ium s h e e t  rep­
r e s e n t a t i v e  of  t he  v e h i c l e  primary s t r u c t u r e .  The panel  w a s  152.4 c m  (60 i n . )  
long by 108.0 c m  (42.5 i n . )  wide. The mass of  t h e  va r ious  elements  are i temized 
i n  t a b l e  I where t h e  t o t a l  u n i t  mass of  t h e  assembly is shown t o  be 13.23 kg/m2 
(2.71 l b / f t 2 ) .  
Detail design.- Cross-sect ion d e t a i l s  of  t h e  co r ruga t ion - s t i f f ened  s k i n  are 
s h o w n i n  f i g u r e  3 .  The cor ruga ted  o u t e r  s h e e t  w a s  0.025 c m  (0.010 i n . )  t h i c k  
and had a c ross - sec t ion  shape composed of a series of  c i r c u l a r  arc segments sepa­
r a t e d  by f la ts .  The i n n e r  s h e e t  w a s  0.020 c m  (0.008 i n . )  t h i c k  and had t r apezo i ­
d a l  cor ruga t ions .  The two s h e e t s  were s p o t  welded toge the r  a long  t h e  f lats.  
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The co r ruga t ions  had a p i t c h  of 3.81 c m  (1.50 i n . )  and h e i g h t s  of  0.25 c m  
(0.10 i n . )  and 2.11 c m  (0.83 i n . )  f o r  t h e  o u t e r  and i n n e r  s h e e t s ,  r e spec t ive ly .  
The pi tch- to-height  r a t i o s  were s u f f i c i e n t l y  large t o  avoid  thermal  buckl ing o f  
t h e  co r ruga t ions .  (See ref. 6.) 
The i n d i v i d u a l  bay s k i n s  were cons t ruc t ed  i n  two segments approximately 
51 cm (20 i n . )  square  as shown by t h e  photograph i n  f i g u r e  4. The f la t s  on two 
ad jacen t  s k i n  segments were overlapped a n d . b o l t e d  t o g e t h e r  t o  form a f u l l  bay 
width.  The L-shaped c l i p s  shown i n  f igure  4 were s p o t  welded t o  t h e  o u t e r  edge 
o f  t h e  bay s k i n  t o  provide p a r t  o f  t h e  side-edge seals t h a t  w i l l  be d iscussed  
later. The s t u d s  shown a t t ached  t o  t h e  co r ruga t ions  i n  f i g u r e  4 were used t o  
hold t h e  thermal  i n s u l a t i o n  i n  p lace .  The o u t e r  s u r f a c e  o f  t h e  s k i n  was coated 
wi th  a high-temperature (Pyromark) b lack  p a i n t  i n  o r d e r  t o  improve t h e  thermal 
Iemit tance of  t h e  s u r f a c e .  1 
The thermal  i n s u l a t i o n  package c o n s i s t e d  o f  56 kg/m3 (3.5 l b / f t 3 )  micro-
q u a r t z  i n s u l a t i o n  and had a total  t h i c k n e s s  of  5.08 c m  (2.0 i n . ) .  The in su la ­
t i o n  was enclosed i n  a 0.008-cm (0.003-in.) t h i c k  Inconel  600 f o i l  package. The 
f o i l  was overlapped a t  t h e  edges and seam welded. The i n s u l a t i o n  under t h e  f u l l  
s i z e  pane l s  was cons t ruc ted  i n  approximately 43- by 50-cm (17- by 20-in.) rec tan­
g u l a r  packages. (See f ig .  5.) Small, fo i l - enc losed  i n s u l a t i o n  packages shown 
i n  ' f i gu re  5 were used t o  provide thermal  p r o t e c t i o n  around va r ious  suppor ts .  To 
prevent  rup tu r ing  t h e  packages,  f o u r  0.64-cm (0.25-in.)  diameter vent  ho le s  were 
provided i n  t h e  edges of  t h e  f u l l - s i z e  packages and one ho le  was provided i n  
each end of  t h e  small f o i l  enc losures .  The f u l l - s i z e  i n s u l a t i o n  packages were 
he ld  i n  p l ace  against ,  t h e  cor ruga ted  panel  by 2.5-cm (1.0- in . )  diameter r e t a i n e r  
washers f a s t ened  t o  t h e  s t u d s  shown i n  f igu+e  4. The small i n s u l a t i o n  packages 
were he ld  i n  p l ace  by t h e  pane l  suppor ts .  
Two types  of suppor t s ,  each having a h e i g h t  o f  8.10 c m  (3.19 i n . ) ,  were 
used t o  connect t h e  pane l s  t o  t h e  primary s t r u c t u r e .  A photograph of  t h e  sup­
p o r t s  and t h e i r  arrangement on t h e  s iuu la t ed -veh ic l e  primary s t r u c t u r e  is shown 
i n  f i g u r e  6 .  Details of  TPS suppor t s  are g iven  i n  f i g u r e  7 ;  t h e  two sh ingle-
s l i p  j o i n t  suppor t s  and t h r e e  drag suppor t s  used on t h e  assembly are shown i n  
de ta i l  i n  f i g u r e s  7 ( a )  and 7 ( b ) ,  r e s p e c t i v e l y .  The s h i n g l e - s l i p  j o i n t  suppor t s  
a l low r e l a t i v e l y  free l o n g i t u d i n a l  movement of  t h e  pane l  ends whi le  maintaining 
an overlapping j o i n t  t o  prevent  ho t  gas from f lowing between t h e  pane ls .  The 
s h i n g l e - s l i p  j o i n t  suppor t s  were composed of  0.020-cm (0.008-in.)  t h i c k ,  
co r ruga t ion - s t i f f ened  ver t ical  webs wi th  cont inuous mounting b racke t s  seam 
welded t o  t h e  base and i n d i v i d u a l  s u r f a c e  at tachment  f l a n g e s  r i v e t e d  t o  t h e  t o p  
o f  t h e  webs. Anchor n u t s  were t ack  welded t o  t h e  at tachment  f l a n g e s  s o  t h a t  t h e  
pane ls  could be mounted from t h e  o u t s i d e .  The web co r ruga t ions  served t h e  dua l  
purpose of s t i f f e n i n g  t h e  web and a l lowing  f o r  thermal  expansion. The drag  sup­
p o r t s  kept  t h e  c e n t e r  of the  panel  f i x e d  r e l a t i v e  t o  t h e  primary s t r u c t u r e .  The 
drag suppor t s  were composed of a s i n g l e  0.025-cm (0.01-in.)  t h i c k ,  corrugat ion-
s t i f f e n e d  web wi th  mounting brackets seam welded t o  the base and s u r f a c e  a t t a c h ­
ment f l a n g e s  r i v e t e d  t o  t h e  top  of t h e  web. Anchor n u t s  were a l s o  t ack  welded I i 
t o  t h e  at tachment  f l anges  as they  were f o r  t h e  s h i n g l e - s l i p  j o i n t  suppor ts .  The i! 
drag suppor t s  had streamwise s t i f f e n e r s  l oca t ed  every 26.7 c m  (10.5 i n . )  span- \
wise i n  o rde r  t o  t a k e  any l o n g i t u d i n a l  drag  or thermal  loads .  Four streamwise 




The suppor t s  were a t t a c h e d  t o  a 0.19-cm (0.075-in.) t h i c k  t i t an ium s h e e t  
s t i f f e n e d  wi th  t h r e e  hat-shaped and two I-shaped spanwise channel s t i f f e n e r s .  
The s t i f f e n e d  s h e e t  s imula ted  .a v e h i c l e  primary s t r u c t u r e .  The l o c a t i o n s  of t h e  
channel  s t i f f e n e r s  are shown i n  t h e  photograph o f  t h e  bottom s i d e  of  t h e  primary 
s t r u c t u r e  ( f ig .  8 ) .  The s k i n  and suppor t  brackets, t h e  t i t an ium s h e e t ,  and t h e  
spanwise s t i f f e n e r s  were bolted toge the r  and were sepa ra t ed  by two 0.32-cm 
(0.13-in.) t h i c k  fiberglass i n s u l a t i o n  s t r i p s  between the  p a r t s .  The fiberglass 
s t r i p s  were used t o  i n s u l a t e  t h e  suppor t s  from t h e  primary s t r u c t u r e .  Four 
def lec tometer  suppor t  b r a c k e t s  were a t t ached  t o  two streamwise hat-shaped chan­
n e l s .  Pressure  t r ansduce r s  suppor t  b racke t s  were a t t ached  near  t h e  l ead ing  and 
trailing edges o f  t h e  panel .  
Panel  Holder 
Descr ipt ion.- The TPS was mounted i n  the pane l  ho lder  i l l u s t r a t e d  i n  fig­
u r e  9.  Details on the  development of  t h i s  test  f i x t u r e  are g iven  i n  r e fe rence  7 .  
The panel  ho lder  has  a s h a r p  l ead ing  edge, is r e c t a n g u l a r  i n  planform, 141 c m  
(55.4 i n . )  wide by 300 c m  (118 i n . )  long,  and is  30.5 c m  (12 i n . )  deep. Exte­
r i o r  s u r f a c e s  are covered wi th  2.54-cm (1.0- in . )  t h i c k  Glasrock foam t i l e s  which 
p r o t e c t  t h e  i n t e r n a l  s t r u c t u r e  from the  aerodynamic h e a t i n g  environment produced
i n  t h e  wind tunnel .  For wind-tunnel t e s t i n g ,  t h e  pane l  ho lder  is s t i n g  mounted 
a t  i ts  base. Test pane l s  are mounted wi th in  a r e c t a n g u l a r  c a v i t y  108 Cm 
(42.5 i n . )  wide by 152 c m  (60 i n . )  long loca ted  102 c m  (40 i n . )  downstream from 
the  l ead ing  edge. Aerodynamic fences  along the  s ides  of  t he  panel  ho lder  Pro­
v ide  two-dimensional f low over  t h e  test  area, and a boundary-layer t r i p  near  t he  
l ead ing  edge g e n e r a t e s  t u r b u l e n t  f low.over  t he  panel  s u r f a c e .  Sur face  pres­
s u r e s  and aerodynamic hea t ing  rates were va r i ed  by p i t c h i n g  t h e  pane l  ho lde r .  
D i f f e ren t i a l -p re s su re  load ing  of t he  panel  is c o n t r o l l e d  by r e g u l a t i n g  the cav­
i t y  p re s su re  under the  TPS. A p o s i t i v e  p re s su re  d i f f e r e n t i a l  (pushing i n  on 
panel  s u r f a c e )  is obta ined  by opening t h e  vent  doors  shown i n  f i g u r e  9 ,  and t h u s  
reducing t h e  c a v i t y  p re s su re  t o  the  panel-holder base p res su re .  Negative pres­
s u r e  d i f f e r e n t i a l s  (pushing ou t  on panel  s u r f a c e )  are obta ined  by c l o s i n g  t h e  
Vent doors  and p r e s s u r i z i n g  t h e  c a v i t y .  Fu r the r  de t a i l s  of  t h e  d i f f e r e n t i a l -
p re s su re  c o n t r o l  system are descr ibed i n  r e fe rence  3 .  
TPS i n s t a l l a t i o n . - The TPS assembly w a s  bo l t ed  t o  t h e  steel  channel mount­
i n g  beams ( f i g .  9 )  which in ,  t u r n  were bo l t ed  t o  t h e  leading- and t r a i l i ng -edge  
w a l l s  Of t h e  c a v i t y  i n  t h e  pane l  ho lder .  Metal sh ims  were used t o  p o s i t i o n  the  
assembly on t h e  beams so t h a t  t h e  f la t s  a t  t h e  l ead ing  edge were f l u s h  w i t h  t h e  
Panel-holder su r face .  The t r a i l i n g  edge of  the  pane l  overlapped the  panel-
holder  s u r f a c e  and t h e  f la t s  were pressed  t i g h t l y  a g a i n s t  it. I n  f i g u r e  10, 
t h e  TPS is shown i n s t a l l e d  i n  t h e  pane l  ho lder  i n  the test  chamber of  t h e  wind 
tunne l .  
Detail photographs of  the  TPS leading- and trailing-edge i n s t a l l a t i o n s  are 
shown i n  f i g u r e s  I l ( a )  and l l ( b ) ,  r e s p e c t i v e l y .  The leading-edge f a i r i n g  shown 
i n  f i g u r e  l l ( a >  provides  a rearward-facing s t e p  and ove r l aps  t h e  pane l  l ead ing
edge. The leading-edge f a i r i n g  w a s  s p l i t  i n t o  t h r e e  p i e c e s ,  each o f  which were 
r i v e t e d  t o  a cont inuous ba r .  Each p i ece  w a s  r i g i d l y  a t t ached  a t  one end and 
allowed free t r a n s v e r s e  movement over  its l eng th .  
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Figure 12 i l l u s t r a t e s  t h e  panel-edge de ta i l s ;  a c ross - sec t ion  view o f  t h e  
leading-edge fairing is shown i n  f i g u r e  12 (a )  and t h e  side-edge seal is shown i n  
f i g u r e  12(b) .  The side-edge seals cons i s t ed  o f  an L-shaped c l i p  wi th  one leg 
s p o t  welded t o  t h e  pane l  and t h e  o t h e r  leg pressed  a g a i n s t  t h e  panel-holder cav­
i t y  w a l l .  A f iberg lass -covered  s teel  cable and a c a n t i l e v e r  s p r i n g  were used t o  
hold t h e  c l i p  a g a i n s t  t h e  panel-holder c a v i t y .  The cable and c a n t i l e v e r  s p r i n g  
were cont inuous over  t h e  f u l l  l eng th  of  t h e  pane l .  
Ins t rumenta t ion  
The panel  W ~ Sinstrumented wi th  thermocouples,  p re s su re  o r i f i c e s ,  and l i n ­
ear def lec tometers .  The gene ra l  l o c a t i o n  of  t h e  va r ious  ins t rumenta t ion  is 
shown i n  f i g u r e  13(a) and de ta i l  l o c a t i o n s  of  t h e  thermocouples are g iven  i n  f ig­
u r e  1 3 ( b ) .  High-speed motion-picture  cameras were used f o r  photographing t h e  
panel  during wind-tunnel t es t s ,  and st i l l  photography was used f o r  record ing  
panel  s u r f a c e  appearance throughout t h e  t e s t  ser ies .  
Panel temperatures  were sensed by a t o t a l  of  56 chromel-alumel thermocou­
p l e s .  Twenty of t h e  thermocouples were l o c a t e d  on t h e  i n s i d e  o f  t h e  panel  sur ­ 

face, t h r e e  were l o c a t e d  i n s i d e  t h e  thermal  i n s u l a t i o n ,  and t h e  remainder were 

l o c a t e d  on the  primary s t r u c t u r e  and around t h e  v a r i o u s  suppor t s .  Detail 

views A-A and B-B show t h e  l o c a t i o n  o f  t h e  thermocouples around and on t h e  va r ious  

s t a n d o f f s .  V i e w  C-C shows t h e  l o c a t i o n  of  t h e  thermocouples i n s i d e  t h e  thermal  

i n s u l a t i o n  and t h e  remaining views D-D, E-E, and F-F i n d i c a t e  thermocouple loca­ 

t i o n s  on t h e  panel  s u r f a c e ,  i ncone l  f o i l ,  and t h e  primary s t r u c t u r e .  A l l  t h e  

thermocouple leads were enclosed i n  s t a i n l e s s - s t e e l  shea ths  t o  p r o t e c t  them from 

high  temperatures .  The thermocouple j u n c t u r e s  l o c a t e d  on metal s u r f a c e s  were 

formed by spo t  welding each o f  t h e  leads t o  t h e  s u r f a c e  approximately 0.08 cm 

(0 .03  i n . )  a p a r t .  Other themocouple j u n c t u r e s  were formed by welding t h e - l e a d s  

t o g e t h e r  t o  form a small bead. 

Four s ta t ic ,  l i n e a r ,  po ten t i a l - type  de f l ec tomete r s  were used t o  measure 
the  d e f l e c t i o n s  a t  t h e  c e n t e r  of the pane l  bays a t  l o c a t i o n s  i n d i c a t e d  i n  f ig­
u r e  13(a).  The de f l ec tomete r s  were mounted on b racke t s  ( f i g .  8 )  behind t h e  p r i ­
mary s t r u c t u r e  t o  p r o t e c t  them from the high surface temperatures  and were con­
nected t o  t h e  panel  s k i n  by means of wires which passed through t h e  i n s u l a t i o n .  
Tension was maintained i n  t h e  wire by r e s t o r i n g  s p r i n g s  i n s i d e  t h e  deflectome- 1 
ter. Each of t h e  def lec tometers  had a displacement  range o f  2.54 c m  (1 .0  i n . )  
and they  were pos i t i oned  so t h a t  d e f l e c t i o n s  could be measured i n  each d i r e c t i o n .  
*. 
Surface  p r e s s u r e s  were measured a t  two o r i f i c e s  on the  panel  s u r f a c e  near  
the  c e n t e r  of t h e  l ead ing  and t r a i l i n g  edges ( f i g .  13(a)) ,  a t  f o u r  o r i f i c e s  
spaced around t h e  per iphery  of  t h e  panel-holder c a v i t y ,  and a t  one o r i f i c e  i n  

t h e  Glasrock 8.57 c m  (3.38 i n . )  upstream of  t h e  c a v i t y  l ead ing  edge. I n  addi- I 

t i o n ,  p re s su res  were measured between t h e  s u r f a c e  and t h e  i n s u l a t i o n ,  and behind I 

t he  pane l  assembly. The panel-holder base p re s su re  was a l s o  measured du r ing  

each run .  A l l  t h e s e  measurements were obta ined  us ing  0.15-cm (0.06-in.)  i n s ide - I 

1diameter s t a i n l e s s - s t e e l  o r i f i c e  tub ing  connected t o  s t ra in-gage  p res su re  t rans- 1I 
ducers .  The t r ansduce r s  were l o c a t e d  i n  t h e  c a v i t y  behind t h e  TPS so they  would 1no t  be sub jec t ed  t o  high temperatures .  
!I 
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Test F a c i l i t y  
The p resen t  tests were conducted i n  t h e  Langley 8-foot high-temperature 
s t r u c t u r e s  tunne l  shown schemat ica l ly  i n  f i g u r e  l 4 ( a ) .  This  f a c i l i t y  is a hyper­
son ic  blowdown wind tunne l  t h a t  o p e r a t e s  a t  a nominal Mach number of 7 ,  a t  t o t a l  
p re s su res  between 4.1 and 24.1 MPa (600 and 3500 p s i a ) ,  and at nominal t o t a l  
temperatures  between 1390 and 2000 K (25000 and 36000 R). Corresponding free-
stream Reynolds numbers are between 1 x lo6 and 10 X lo6/, (0 .3  x IO6 and 
3.0 x lo6/,,). Within t h e  ope ra t ing  envelope bounded by t h e s e  cond i t ions ,  t h e  
aerodynamic p res su res  and hea t ing  rates encountered i n  f l i g h t  a t  Mach 7 i n  t h e  
a l t i t u d e  range between 24 and 40 km (80 000 and 130 000 f t )  are obta ined .  Other 
d e t a i l s  on t h i s  test  f a c i l i t y  are repor ted  i n  r e fe rence  3. 
The t e s t  model is i n i t i a l l y  s t o r e d  i n  a pod below t h e  test stream 
( f i g .  l 4 ( b ) )  t o  p r o t e c t  it from adverse tunne l  s t a r t u p  t r a n s i e n t  and a c o u s t i c  
l oads .  The model is covered with a c o u s t i c  b a f f l e s  ( f i g .  l 4 ( c ) )  u n t i l  t h e  des i r ed  
hypersonic  flow cond i t ions  are e s t a b l i s h e d .  The b a f f l e s  are then  retracted and 
t h e  model r a p i d l y  i n s e r t e d  i n t o  t h e  stream on a h y d r a u l i c a l l y  ac tua t ed  e l e v a t o r  
capable  of t r a v e l i n g  t h e  2.1 m (7  f t )  t o  t h e  c e n t e r  of  t h e  stream i n  approxi­
mately 1.0 sec. A model p i t c h  system provides  a range of ang le s  of a t t a c k  up t o  
-+20°. P r i o r  t o  tunne l  shutdown, t h e  model is withdrawn from t h e  stream and cov­
ered with t h e  a c o u s t i c  b a f f l e s .  The b a f f l e s  a t t e n u a t e  t h e  a c o u s t i c  energy from 
approximately 168 dB t o  157 dB over t h e  range of combustor p re s su re .  Other 
d e t a i l s  of t h e  a c o u s t i c  b a f f l e s  are given i n  r e fe rence  3. 
A hea te r  system was used f o r  both t h e  s t a t i c  radiant tes ts  and as a prehea t  
f o r  t h e  aerothermal  tes ts .  The h e a t e r  system cons i s t ed  of quartz-lamp r a d i a t o r s  
mounted i n s i d e  t h e  a c o u s t i c - b a f f l e  boxes ( f i g .  1 4 ( c ) ) .  The r a d i a n t  lamps were 
powered by an i g n i t r o n  tube  power supply and were c o n t r o l l e d  by a c losed  loop  
servo sys t em t o  g ive  t h e  desired temperature  h i s t o r i e s .  Surface temperatures  
above 1260 K (22600 R )  can be obtained us ing  t h e  prehea t  system. A more d e t a i l e d  
d iscuss ion  of t h e  prehea t  system is given i n  r e fe rence  3. 
Tests 
I n  o rde r  t o  observe t h e  cumulative effects of  c y c l i c  hea t ing ,  t h e  TPS 
was subjec ted  t o  thermal  tests and radiant-preheat-aerothermal tests wi th  
temperature-time h i s t o r i e s  similar t o  those  shown i n  f i g u r e  15. I n  both t h e  
thermal and aerothermal  tests,  r a d i a n t  lamps were used t o  hea t  t h e  pane l  t o  t h e  
test  temperature a t  a ra te  of 2.8 K/sec ( 5 O  R/sec). The rad ian t -hea t  test  t e m ­
p e r a t u r e  was chosen f o r  most of t h e  tests so t h a t  i t  would correspond t o  approx­
imately t h e  maximum surface temperature  o b t a i n a b l e  i n  t h e  tunne l  stream (1145 K 
(2060O R)) and t h u s  is lower than t h e  peak des ign  temperature  (1255 K (2260O R)) .  
A few lower temperature  tests were conducted near  t h e  beginning of  t h e  tes t  
series t o  check t h e  pane l  and test equipment a t  lower thermal  loads .  For t h e  
thermal-cycle tests ( f i g .  1 5 ( a ) ) ,  t h e  maximum s u r f a c e  temperature  w a s  maintained 
for per iods  between 500 and 1200 sec, and then  t h e  s u r f a c e  w a s  al lowed t o  coo l  
a t  a rate of 2.8 K/sec ( 5 O  R/sec) u n t i l  n a t u r a l  coo l ing  occurred a t  a lower rate. 
For t h e  radiant-preheat-aerothermal tests ( f i g .  15(b)), t h e  maximum prehea t  t e m ­





to  the  tunne l  stream for as long as p o s s i b l e  a t  flow cond i t ions  t h a t  would main­
t a i n  the p rehea t  s u r f a c e  temperature  o f  1145 K (20600 R). 
The procedure f o r  the aero thermal  p a r t  o f  the tests was t o  start the tun­
nel ,  o b t a i n  c o r r e c t  f low cond i t ions ,  de-energize the q u a r t z  lamps, retract the  
lamps and a c o u s t i c  baffles, and i n s e r t  and s imul taneous ly  p i t c h  the panel  ho lder  
so tha t  it a t t a i n e d  t h e  des i red  ang le  o f  attack on reaching the  stream c e n t e r  
l i n e .  A t  the  end o f  the aerodynamic exposure the procedure was r eve r sed ,  and 
tunne l  shutdown was i n i t i a t e d  af ter  the  lamps and a c o u s t i c  baffles covered the 
panel .  Following the aerodynamic exposure,  the  pane l  was allowed t o  coo l  natu­
r a l l y  (uncon t ro l l ed ) . '  The time e l a p s e  between the lamps being de-energized and 
the  panel  e n t e r i n g  the stream was kept  t o  a minimum and was approximately 5 sec. 
Data Acquis i t ion  
During thermal tests and preheat even t s ,  thermocouple and def lec tometer  
ou tputs  were recorded a t  2-sec i n t e r v a l s .  When the  wind tunne l  was ope ra t ing ,  
thermocouple, de f l ec tomete r ,  and pressure- t ransducer  ou tpu t s  were recorded a t  a 
rate o f  20 samples pe r  sec. Ana ly t i ca l  q u a n t i t i e s  r epor t ed  he re in  f o r  the  wind-
tunne l  tes ts  are based on t h e  thermal, t r a n s p o r t ,  and flow p r o p e r t i e s  o f  the  
combustion-products test  medium as determined from re fe rence  8. Resu l t s  from 
tunnel-stream survey tes ts  were used (ref. 7 )  t o  determine free-stream condi­
t i o n s  i n  t h e  test s e c t i o n  from re fe rence  measurements i n  the  combustion chamber. 
Local Mach number was obta ined  from oblique-shock r e l a t i o n s .  
TPS CHARACTERIZATION 
The p re sen t  i n v e s t i g a t i o n  focused on TPS s t r u c t u r a l  and thermal response 
during repeated exposures  t o  both r a d i a n t  and aerodynamic hea t ing .  S t r u c t u r a l  
i n t e g r i t y  was monitored dur ing  the test  series by means of  v i s u a l  i n spec t ions ,  
topographica l  s u r f a c e  mapping, and v i b r a t i o n  surveys .  The thermal response was 
evaluated by comparing t h e  measured temperature d i s t r i b u t i o n s  through the  panel  
and i n s u l a t i o n  system w i t h  t h a t  ob ta ined  from a thermal a n a l y s i s .  
S t r u c t u r a l  Response 
TPS s t a t i c - l o a d  a e f l e c t i o n  data and v i b r a t i o n  modes and f requencies  were 
obtained exper imenta l ly  before  and after t h e  heating tes t s  and i n t e r m i t t e n t l y  
during the test program. For s t a t i c - l o a d  d e f l e c t i o n s ,  t h e  TPS was uniformly 
loaded wi th  a d i f f e r e n t i a l  p re s su re  obtained by covering the  panel  su r f ace  w i t h  
a v i n y l  sheet,  s e a l i n g  the  edges t o  the  panel-holder s u r f a c e ,  and then reducing 
the pressure  i n  the  c a v i t y  under the TPS. Panel  d e f l e c t i o n s  were recorded a t  
1.4-kPa (0.2-psi)  p re s su re  increments  up t o  a maximum d i f f e r e n t i a l  p re s su re  of  
6.9 kPa ( 1  p s i )  us ing  a def lec tometer  and t r a v e r s i n g  mechanism that  can survey 
the  e n t i r e  TPS su r face .  (For f u r t h e r  de ta i l s ,  see ref. 4 . )  
The v i b r a t i o n  mode-and-frequency survey was conducted by e x c i t i n g  the  
panel  us ing  an e lec t romagnet ic  shaker mounted on the  o u t s i d e  s u r f a c e  of  the  
panel .  Mode shapes were def ined  by surveying the  e n t i r e  pane l  s u r f a c e  w i t h  t h e  
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def l ec tomete r  and t r a v e r s i n g  mechanism used during the  s t a t i c - l o a d  d e f l e c t i o n  
tests. Resonant f r equenc ie s  were i n d i c a t e d  by peak ampli tudes ob ta ined  when 
sweeping t h e  frequency o f  the shaker from 50 t o  500 Hz. The l o c a t i o n  of the 
shaker  and def lectometer  were v a r i e d  so as t o  detect the r e sonan t  f r equenc ie s  
o f  i n t e r e s t .  
Thermal Analysis  
A thermal a n a l y s i s  was made t o  determine the  temperatures  through the 
depth o f  the  panel  f o r  comparison w i t h  the experimental  r e s u l t s .  The f i n i t e -
d i f f e r e n c e  program MITAS (Martin I n t e r a c t i v e  Thermal Analysis System) was used 
f o r  the  thermal a n a l y s i s  and is descr ibed i n  r e f e r e n c e  9.  The temperature-
dependent thermal p r o p e r t i e s  used f o r  the  TPS materials are t a b u l a t e d  i n  
table I1 and were assumed t o  vary l i n e a r l y  between given temperatures .  
A schematic of the s e c t i o n  modeled and the  h e a t - t r a n s f e r  modes considered 
i n  the  thermal a n a l y s i s  are shown i n  f i g u r e  16. Due t o  symmetry, only one-
dimensional heat flow was considered e n t e r i n g  o r  l eav ing  the  modeled region.  
The s u r f a c e  temperature w a s  assumed t o  be uniform and is provided as inpu t  t o  
the  a n a l y s i s  as a f u n c t i o n  of time. Heat was assumed t o  be radiated and con­
ducted from the  panel  s u r f a c e  t o  the f o i l ,  radiated from the  f o i l  t o  t he  i n s u l a ­
t i o n ,  conducted through the i n s u l a t i o n  t o  the  second f o i l ,  and then radiated from 
the  f o i l  t o  t he  primary s t r u c t u r e  where it w a s  s t o r e d .  
RESULTS AND DISCUSSION 
Summary o f  Panel Tests 
The panel  was sub jec t ed  t o  a t o t a l  of 32 s imulated r e e n t r y  thermal c y c l e s .  
O f  these, 19 were r a d i a n t l y  heated thermal tes ts  and 13 were aerothermal  tests 
w i t h  r a d i a n t  p rehea t ing .  A summary of t es t s  is given i n  table  111. The o rde r  
of t e s t i n g  and nominal test s u r f a c e  temperatures  are included.  For f i v e  of the  
thermal tests ( 2 ,  4 ,  5 ,  7, and 81, the  s u r f a c e  temperature was maintained a t  
approximately 810 K (14600 R ) ,  whereas f o r  the  o t h e r  thermal and aerothermal 
tests the  s u r f a c e  temperature w a s  maintained a t  approximately 1145 K (20600 R ) .  
Also shown i n  table I11 are the exposure times a t  peak s u r f a c e  temperatures dur­
ing  both thermal and aerothermal  tests. The TPS was sub jec t ed  t o  the  e l eva ted  
test  temperatures  f o r  a t o t a l  o f  6.59 hours and the  Mach 6.6 stream f o r  423 sec. 
S e v e r a l  even t s  occurred during t h e  t e s t  series which sub jec t ed  the  TPS t o  
unusual load cond i t ions .  During t e s t  5,  s eve re  a r c i n g  occurred between the  lamp 
bank and a small area on the  s u r f a c e  of the  t e s t  panel .  T h i s  a r c i n g  caused lamp 
f a i l u r e  and a r ap id  coo l ing  of the  panel  s u r f a c e .  The a r c i n g  and subsequent 
r a p i d  coo l ing  r e s u l t e d  i n  f l a k i n g  o f  the  high-temperature p a i n t  on t h e  panel  su r ­
face, d i s c o l o r a t i o n  and p i t t i n g  of t he  s u r f a c e ,  and a small crack i n  the panel  
surface i n  the  affected area. Although the  a r c i n g  occurred nea r  the  beginning 
o f  the  test series, no f u r t h e r  d e t e r i o r a t i o n  of the  a f f e c t e d  s u r f a c e  area 





During thermal  tests 10 and 14, i nadve r t en t  loss of  c o n t r o l  o f  t he  heat 
lamps r e s u l t e d  i n  r a p i d  heating o f  the panel  s u r f a c e  t o  about  1480 K (2660O R ) .  
When the lamps were brought under c o n t r o l ,  the  s u r f a c e  r a p i d l y  cooled t o  1145 K 
(20600 R ) .  The r e s u l t i n g  high-temperature s p i k e s  are shown i n  f i g u r e  17 where a 
summary of  t h e  s u r f a c e  temperature-time h i s t o r i e s  f o r  a l l  tests are g iven .  The 
high-temperature s p i k e s  d i d  not  cause any v i s i b l e  s t r u c t u r a l  damage or signifi­
c a n t  changes i n  the  n a t u r a l  v i b r a t i o n  f r equenc ie s  of  t h e  TPS, bu t  d i d  r e s u l t  i n  
cracking and d e t e r i o r a t i o n  of  t he  high-temperature p a i n t  coa t ing .  
The pane l  was a l s o  subjec ted  t o  impacts from very  small p a r t i c l e s  i n  the  
I.test stream which were produced by the  f l a k i n g  of  an aluminum oxide  coa t ing  on 
the  f a c i l i t y  combustor l i n i n g .  The p a r t i c l e s  had s u f f i c i e n t  v e l o c i t y  and mass 
t o  dent  the  p l a t e  s u r f a c e  and a t  a f e w  l o c a t i o n s  pene t r a t ed  the  o u t e r  s u r f a c e  
l a y e r .  However, the p a r t i c l e  impacts d i d  no t  cause any s e r i o u s  degrada t ion  o f  
the  panel .  
The aerothermal  test  cond i t ions  and exposure times are summarized i n  
table I V ;  the  free-stream and loca l - f low cond i t ions  are t abu la t ed  a long  w i t h  t he  
p res su re  d i f f e r e n t i a l  a c r o s s  the  pane l  s u r f a c e ,  t h e  base p res su re  o f  the panel  
ho lder ,  and the c a l c u l a t e d  u n i t  Reynolds number. During each aesothermal  t e s t ,  
t h e  d i f f e r e n t i a l  p re s su re  a c r o s s  t h e  pane l  s u r f a c e  was he ld  r e l a t i v e l y  cons t an t  
except  as noted i n  table  I V ,  but  from tes t  t o  test  it va r i ed  from 8.62 kPa 
(1.25 p s i )  acting inward t o  4.82 kPa (0.7 p s i )  a c t i n g  outward. 
TPS Thermal Performance 
Thermal tests.- Typica l  thermal performance of  the  panel  when it was 
exposed t o  r a d i a n t  hea t ing  is demonstrated i n  f i g u r e  18 f o r  test  3 .  Temperature-
time d i s t r i b u t i o n s  through the c e n t e r  of  one o f  t h e  pane l s ,  a long  a s h i n g l e - s l i p  
j o i n t  and suppor t ,  and a long  a d r a g  suppor t  are shown i n  t h i s  f i g u r e .  The 
i n s e t s  show the  l o c a t i o n s  of  the  va r ious  thermocouples. The panel  s u r f a c e  was 
heated a t  a nominal rate of  2.8 K/sec (50 R/sec) t o  1145 K (20600 R )  and main­
t a ined  a t  that  temperature  f o r  approximately 400 sec. The s u r f a c e  temperatures  
shown i n  figures 18(a) and 18(b)  d . i f fe r  by approximately 33 K (600 R ) ,  t h u s  i n d i ­
cating some v a r i a t i o n s  i n  t h e  s u r f a c e  heating. The pr imary-s t ruc ture  tempera­
t u r e s  cont inue  t o  i n c r e a s e  even a f t e r  t h e  s u r f a c e  temperature  is decreased and 
reach a maximum temperature  of  approximately 405 K (730O R) at  1300 sec. 
Temperature p r o f i l e s  c a l c u l a t e d  us ing  the  MITAS program are shown i n  f ig­
u re  18(a) f o r  comparison w i t h  the  measured p r o f i l e s  through the  c e n t e r  of  the 
TPS. The surface- temperature  d i s t r i b u t i o n  shown i n  f i g u r e  18(a) f o r  thermocou­
p l e  4 was used as inpu t  i n  making the t h e o r e t i c a l  c a l c u l a t i o n s .  The measured 
and ca l cu la t ed  p r o f i l e s  i n s i d e  the  i n s u l a t i o n  and on the  primary s t r u c t u r e  show 
good agreement over the  complete thermal  c y c l e  and t h u s  v e r i f y  t h e  adequacy o f  
the  thermal model. S ince  t h i s  thermal model was used t o  p r e d i c t  t he  primary-
s t r u c t u r e  design temperature given i n  f i g u r e  1 ,  those  p red ic t ed  temperatures  
should be f a i r l y  a c c u r a t e ,  t hus  demonstrat ing t h a t  the  panel  provides  good ther- 1 
m a l  p ro t ec t ion  f o r  the primary s t r u c t u r e .  I n  fac t ,  f o r  t h e  des ign  hea t ing  c y c l e  I
given i n  f i g u r e  1 ,  the  pr imary-s t ruc ture  temperatures  are low enough t h a t  an ! 
I 





The temperature  p r o f i l e s  presented i n  f i g u r e s  1 8 ( a ) ,  18 (b ) ,  and 18 (c )  show 
similar v a r i a t i o n s  a t  each l o c a t i o n .  This  s i t u a t i o n  may be seen more c l e a r l y  i n  
f i g u r e  19 where t h e  temperature  is shown as a func t ion  of  t h e  depth from t h e  
pane l  s u r f a c e  a f t e r  750 sec. Temperature d i s t r i b u t i o n s  are shown through t h e  
c e n t e r  of  t h e  pane l  ( t r i a n g u l a r  symbols),  a long  t h e  s h i n g l e - s l i p  j o i n t  and sup­
p o r t  ( c i r c u l a r  symbols) ,  and a long  t h e  drag suppor t  ( square  symbols). The t e m ­
pe ra tu re  d i s t r i b u t i o n s  a t  t h e  v a r i o u s  l o c a t i o n s  f a l l  w i th in  t h e  narrow band 
shown by t h e  shaded area, t h u s  i n d i c a t i n g  t h a t  t h e  suppor t s  do no t  provide a sig­
n i f i c a n t  hea t  s h o r t  t o  t h e  primary s t r u c t u r e .  
Aerothermal tests.- As noted p rev ious ly ,  f o r  I 3  of  t h e  32 tests t h e  TPS w a s  
i n s e r t e d  i n t o  a Mach 6.6 stream f o r  s e v e r a l  seconds of  aerothermal  hea t ing .  I n  
each of  t hese  tests,  t h e  TPS w a s  p i tched  a t  an ang le  of  a t t a c k  t o  t h e  stream 
t h a t  would produce a s u r f a c e  temperature  approximately t h e  same as t h a t  produced 
by t h e  r a d i a n t  p rehea te r s .  I n  a d d i t i o n ,  t h e  p i t c h i n g  of  t h e  panel  ho lder  
increased  t h e  l o c a l  s ta t ic  p res su re  and provided a d i f f e r e n t i a l  p re s su re  a c r o s s  
t h e  panel .  
Figure 20 shows t h e  environment imposed on t h e  TPS panel  during t e s t  15; 
f i g u r e  20(a)  is a t y p i c a l  surface- temperature  p r o f i l e ,  and f i g u r e  20(b)  g i v e s  
h i s t o r i e s  of t h e  s u r f a c e  tempera ture ,  t h e  d i f f e r e n t i a l  p re s su re  a c r o s s  t h e  
pane l ,  and t h e  angle  of a t t a c k  of  t h e  panel  ho lder  f o r  t h e  aerothermal  p o r t i o n  
of  t h e  t e s t .  The sequence of  events  during t h e  aerothermal  po r t ion  of  t h e  t e s t  
is noted i n  t h e  f i g u r e .  The panel  was maintained a t  a cons t an t  e l eva ted  temper­
a t u r e  f o r  approximately 600 sec before  t h e  TPS was i n s e r t e d  i n t o  t h e  stream. 
The TPS remained i n  t h e  stream f o r  40 sec a t  an ang le  of  a t t a c k  of  12.2O. A 
pressure  d i f f e r e n t i a l  o f  approximately 8.3 kPa (1.2 p s i )  pushed i n  on t h e  pane l  
during t h e  first h a l f  of  t h e  tes t ,  and it decreased t o  4 .1  kPa (0 .6  p s i )  f o r  t h e  
remainder of t h e  t e s t .  This  large change i n  d i f f e r e n t i a l  p re s su re  r e s u l t e d  from 
a s l i g h t  change i n  t h e  free-stream flow cond i t ions  which changed t h e  shock pa t ­
t e r n  on t h e  panel-holder s t r u t  and caused t h e  base and c a v i t y  p re s su re  of t h e  
panel  holder  t o  i n c r e a s e .  The small v a r i a t i o n s  i n  t h e  d i f f e r e n t i a l  p re s su re  dur­
ing  t h e  first h a l f  of  t h e  test are due t o  t h e  uns teadiness  of  t h e  base and cav­
i t y  p re s su re  of  t h e  panel  ho lder .  Note t h a t  a r educ t ion  i n  t h e  s u r f a c e  tempera­
t u r e  occurred from t h e  t i m e  t h e  power t o  t h e  lamps was c u t  t o  t h e  time when t h e  
TPS was i n s e r t e d  i n  t h e  stream, but  t h e  su r face  temperature  recovered quick ly  
once it was exposed t o  t h e  aerodynamic hea t ing .  After t h e  TPS was withdrawn 
from t h e  s t r e a m ,  it w a s  al lowed t o  coo l  n a t u r a l l y  (uncon t ro l l ed ) .  
Pane l - jo in t  e f f ec t iveness . - An importadt  f a c t o r  i n  t h e  design of  metallic 
thermal  p r o t e c t i o n  systems is t h e  e f f e c t i v e n e s s  of t h e  i n d i v i d u a l  pane l  j o i n t s  
i n  prevent ing  ho t  gas flow i n t o  t h e  TPS c a v i t y .  For t h e  p re sen t  des ign ,  t h e  
s h i n g l e - s l i p  j o i n t  is of  i n t e r e s t  s i n c e  it must a l low f o r  thermal  expansion as 
w e l l  as prevent  ho t  gas ingress. 
The e f f e c t i v e n e s s  o f  t h e  s h i n g l e - s l i p  j o i n t  i n  prevent ing  ho t  gas i n g r e s s
is ind ica t ed  i n  f i g u r e  21. Temperature d i s t r i b u t i o n s  through t h e  c e n t e r  of t h e  
TPS 25.4 c m  (10.0 i n . )  away from any j o i n t  ( t r i a n g u l a r  symbols) are compared 
wi th  t h e  d i s t r i b u t i o n s  a t  a s h i n g l e - s l i p  j o i n t  suppor t  ( c i r c u l a r  symbols).  Tem­
p e r a t u r e  d i s t r i b u t i o n s  are shown a t  approximately equ iva len t  times i n  t h e  hea t ­
i n g  h i s t o r y  f o r  tests 3 ,  11, and 15. The temperature  d i s t r i b u t i o n  obta ined  f o r  
test 3 ( s o l i d  symbols) is f o r  a thermal  cyc le .  The temperature  d i s t r i b u t i o n s  
shown f o r  tests 11 and 15 (open symbols) were obta ined  dur ing  the aerothermal  
p o r t i o n  o f  the tests when the p res su re  d i f f e r e n t i a l s  a c t i n g  inward were 2.90 kPa 
(0.42 p s i )  and 4.82 kPa (0.70 p s i ) ,  r e s p e c t i v e l y .  For a l l  three tests, the  Cem­
p e r a t u r e  d i s t r i b u t i o n s  through the c e n t e r  o f  the TPS and through the  sh ingle-
s l ip  j o i n t  are i n  good agreement. Thus, even f o r  s u b s t a n t i a l  p re s su re  d i f f e r e n ­
t i a l s  there is no evidence of  h o t  gas flowing through the  s h i n g l e - s l i p  j o i n t .  
Thermal deformations.- S ince  the panel: is co r ruga t ion  s t i f f e n e d ,  r a p i d  heat­
i n g  and cool ing  r e s u l t s  i n  s i g n i f i c a n t  thermal deformations.  The thermal deflec­
t i o n  a t  the c e n t e r  of  one of  the  pane l s ,  the surface temperature ,  and the temper­
a t u r e  d i f f e r e n t i a l  between the  two s u r f a c e s  are shown as a func t ion  of  time i n  
f i g u r e  22 f o r  thermal test 3. During the i n i t i a l  pane l  heatup,  the temperature  
d i f f e r e n t i a l  reached 75 K (1350 R) and the  panel  bowed ou t  t o  approximately 
0.75 c m  (0 .3  i n . ) .  A s  the  panel  surface temperature  s t a b i l i z e d ,  the temperature  
d i f f e r e n t i a l  went t o  z e r o ,  and t h e  panel  r e tu rned  t o  a f l a t  state. T h i s  behav­
i o r  sugges ts  t h a t  the s h i n g l e - s l i p  j o i n t  suppor t s  ( f igs .  6 and 7 ( a ) >  o f f e r  lit­
t l e  r e s i s t a n c e  t o  thermal  expansion. During panel  coo l  down the  temperature  
d i f f e r e n t i a l  became negat ive  which caused the panel  t o  bow inward by approxi­
mately 0.50 cm (0.2 i n . ) .  A s  t h e  panel  cooled ,  t he  temperature  d i f f e r e n t i a l  
decreased, and the panel  d e f l e c t i o n  aga in  approached zero .  
Panel I n t e g r i t y  
Thermal.- The thermal i n t e g r i t y  of  the TPS remained good throughout the  
tests as i n d i c a t e d  i n  f i g u r e  23 - a comparison of  t he  temperature  h i s t o r i e s  
obtained near  t h e  beginning and near  the  end of  t h e  test  series. The f i g u r e  
shows temperature  h i s t o r i e s  f o r  tes ts  3 and 27 a t  s e v e r a l  l o c a t i o n s  through t h e  
panel  t h i ckness .  The good agreement between the  two temperature  d i s t r i b u t i o n s  
f o r  thermocouple 54 l o c a t e d  i n s i d e  t h e  i n s u l a t i o n  i n d i c a t e s  tha t  no degrada t ion  
of  the i n s u l a t i o n  material occurred dur ing  the  tes ts .  
S t r u c t u r a l . - Panel s t r u c t u r a l  i n t e g r i t y  can be assessed by comparing the  
n a t u r a l  f requencies  and s t a t i c - l o a d  d e f l e c t i o n s  obta ined  before  and a f te r  the  
test series.  The first ( lowes t )  f i v e  n a t u r a l  f r equenc ie s  obta ined  f o r  one bay 
before  and a f te r  t h e  t e s t  series are shown i n  f i g u r e  24. The f requencies  are 
shown as a func t ion  of t he  number of half-waves i n  the  t r a n s v e r s e  d i r e c t i o n .  
The f requencies  show only minor d i f f e r e n c e s  before  and after t h e  test series. 
S t a t i c - l o a d  d e f l e c t i o n s  were a l s o  found t o  be i n  good agreement before  and af ter  
t h e  t es t  series, t h u s  i n d i c a t i n g  the good s t r u c t u r a l  i n t e g r i t y  of  the  panel .  
P o s t t e s t  cond i t ion  of panel.- Except f o r  the  appearance of  the  panel  su r ­
face, t h e  TPS was i n  e x c e l l e n t  s t r u c t u r a l  cond i t ion  a t  the  conclusion of  t h e  
test series.  F igure  25 c o n s i s t s  of  photographs of  the  panel  s u r f a c e  taken 
before  and after t h e  test series. The o v e r a l l  d i s c o l o r a t i o n  p a t t e r n  on the  
panel  s u r f a c e  shown i n  f i g u r e  25(b)  was produced by uneven hea t ing  of the  quar tz -
lamp r a d i a t o r s  dur ing  p rehea t ing  and thermal cyc l ing  events .  The d i s t i n c t  
darker  and l i gh te r  s p o t s  near  t h e  l o n g i t u d i n a l  c e n t e r  l i n e  of t he  panel and on 
the upper le f t -hand  q u a r t e r  of  the  pane l  are due t o  contaminants which dropped 
on the  panel  w h i l e  it was being heated - probably drops of hydrau l i c  f l u i d  OF 
grease. The d i s c o l o r a t i o n  and surface damage caused by the  arcing between the  
lamps and the  s u r f a c e  are i d e n t i f i e d  i n  t he  f i g u r e .  A t  t h e  end of  the  test  
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series, almost a l l  the high-temperature p a i n t  was gone from the panel  surface, 
and t h e  panel  s u r f a c e  had developed a r e l a t i v e l y  uniform oxid ized  coa t ing .  
Figure 26 is a view o f  the  ' sh ing le - s l ip  j o i n t  near  the s ide edge of  the  
panel  af ter  tests. The l ight-shaded rub  marks imdicate the d i s t a n c e  the  two sur ­
faces over lap  when heated t o  the test  temperature .  The panel  l e n g t h  grew approx­
imately 1.5 percent  and such growth i s  c o n s i s t e n t  w i t h  c a l c u l a t e d  va lues  f o r  t h e  
1145 K (20600 R) heatup. The s h i n g l e - s l i p  j o i n t s  were a b l e  t o  accommodate t he  
panel  thermal growth without  any apparent  adverse  effects. Some lateral  s h i f t ­
i ng  of the  t o p  surfaces is ev iden t  and was probably due t o  thermal buckl ing of  
the L-shaped c l i p  on the  side-edge seals ( f ig .  12 (b ) ) .  Recall t h a t  the side-
edge seals were requ i r ed  t o  i n s t a l l  the panel  i n  the tes t  f i x t u r e  and are n o t  
p a r t  of t he  a c t u a l  panel  design.  Never the less ,  the apparent  d i s t o r t i o n  a t  the 
s h i n g l e - s l i p  j o i n t  had no measurable effect on the  panel  performance. 
Figure 27 shows p o s t t e s t  c loseup views of  some damaged areas on t h e  su r ­
face of  the  panel .  F igure  27 (a )  shows a crack  i n  the  panel  surface, a melted 
panel  edge, and a local buckle;  each was noted after test  5 dur ing  which a r c i n g  
occurred between the  r a d i a n t  lamps and the  panel .  The ho le  i n  the panel  s u r f a c e  
shown i n  f i g u r e  27(b)  was due t o  p a r t i c l e  impingement from the  stream. Numerous 
den t s  and a f e w  o t h e r  small ho le s  i n  the  panel  su r f ace  due t o  p a r t i c l e  impact 
during t h e  t es t  series were a l s o  obta ined .  Neither t h e  a r c i n g  nor  p a r t i c l e -
impact damage caused any n o t i c e a b l e  d e t e r i o r a t i o n  of  the s t r u c t u r a l  o r  thermal 
p r o t e c t i o n  c a p a b i l i t y  of the TPS, and none of the  damaged areas showed evidence 
of  f u r t h e r  d e t e r i o r a t i o n  dur ing  the remainder of  the  test  series. Thus, t he  
tests demonstrated a h igh  l e v e l  of d u r a b i l i t y  and damage t o l e r a n c e  f o r  t he  TPS. 
The TPS was disassembled i n  o r d e r . t o  i n s p e c t  i n t e r i o r  parts f o r  s i g n s  of  
d e t e r i o r a t i o n .  The b o l t s  which attached the  panel  t o  t he  s t a n d o f f s  had se i zed  
i n  the. n u t s  bu.t could be removed by t w i s t i n g  o f f  t h e  heads. In spec t ion  of the  
disassembled TPS showed no evidence of f a i l u r e  of any component p a r t s .  The post-
test  condi t ions  of  the i n s u l a t i o n  package may be seen i n  figure 28. The incone l  
f o i l  enc los ing  the  i n s u l a t i o n  oxid ized  cons iderably ,  but  it was st i l l  completely 
i n t a c t  and showed no o t h e r  s i g n s  of d e t e r i o r a t i o n .  The ox ida t ion  occurred only 
near  the ho t  s u r f a c e  of  the panel  where the temperatures  exceeded 1090 K 
(19600 R ) .  
CONCLUDING REMARKS 
A fl ightweight,  metallic thermal p r o t e c t i o n  system (TPS) a p p l i c a b l e  t o  reen­
t r y  and hypersonic v e h i c l e s  w a s  sub jec t ed  t o  m u l t i p l e  c y c l e s  of  both r a d i a n t  and 
aerothermal  heating i n  o rde r  t o  eva lua te  i ts aero thermal  performance and s t r u c ­
t u r a l  i n t e g r i t y .  The TPS cons i s t ed  of a 108.0-cm by 152.4-cm (42.5-in. by 
60-in.) co r ruga t ion - s t i f f ened  s k i n  and suppor t s  fabricated from a cobalt-based 
a l l o y  (L-6051, a 5-cm (2- in . )  t h i c k  microquartz  i n s u l a t i o n  blanket enclosed i n  
an incone l  f o i l ,  and a . t i tanium sheet which s imulated the  v e h i c l e  primary s t r u c ­
t u r e .  The TPS w a s  sub jec t ed  t o  32 thermal tests,  13 of  which were aerothermal  
tests conducted i n  the  Langley 8-foot high-temperature s t r u c t u r e s  tunne l  a t  a 
nominal free-stream Mach number of 6 .6 .  The TPS w a s  heated by the r a d i a n t  lamps 
f o r  a t o t a l  of  6.59 hours  a t  a s u r f a c e  temperature  o f  approximately 1145 K 
(20600 R )  and was tested i n  t he  stream f o r  a t o t a l  o f  423 sec. 
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The TPS demonstrated good thermal p r o t e c t i o n  under both  a r a d i a n t  and aero­
thermal hea t ing  environment r e p r e s e n t a t i v e  o f  a s h u t t l e  e n t r y .  S t r u c t u r a l  i n t eg ­
r i t y  of  the  TPS was maintained throughout the  t e s t  series. I n  a d d i t i o n ,  s t r u c ­
t u r a l  ruggedness w a s  demonstrated by t h e  TPS when it s u f f e r e d  only minor damage 
upon being i n a d v e r t e n t l y  sub jec t ed  t o  uncont ro l led  r a p i d  overhea t ing  and cool­
i n g ,  p a r t i c l e  impact due t o  the  stream, and a r c i n g  between the lamps and the  
panel .  The s h i n g l e - s l i p  j o i n t s  a l s o  e f f e c t i v e l y  allowed f o r  thermal  expansion 
of  the panel  wi thout  a l lowing  any a p p r e c i a b l e  ho t  gas f low i n t o  t h e  TPS c a v i t y .  
Langley Research Center 
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  

Hampton, VA 23665 
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TABLE I.- M A S S  OF TPS ELEMENTS 
b
I Mass Unit  mass 
Detail p a r t s  
lbm kg/m2 Ibm/ft2 
P a n e l  : 
Corrugated s k i n  . . . . . . . .i 4.18 9.21 2654 0.52 
Corrugat ions . . . . . . . . .  5.30 11.69 3.22 0.66-
Tota l  9.48 20.90 5.76 1.18 
Supports : 
Rib s t a n d o f f s  . . . . . . . . .  0.72 1.59 0.44 0.09 
C l i p  and angles . . . . . . . .  2.17 4.78 1.32 0.27 
Support  pads . . . . . . . . .  0.32 0.71 0.19 0.04 
Attaching hardware . . . . . .  1.36 3.01 0.83 3.17 
D r a g  suppor t s  . . . . . . . . .  - 0.53 0.15 0.030.24 - -
T o t a l  4.81 3 0 . 6 2  2.93 0.60 
I n s u l a t i o n  system: 
I n s u l a t i o n  . . . . . . . . . .  4.66 10.27 2.83 0.58 
Inconel  f o i l  bagging . . . . .  1.77 3.90 1.07 0.22 
Supports  and r e t a i n e r s  . . . .  1.04 2.30 0.64 0.13 
Tot a l  7.47 16.47 4.54 0.93 
ro t a1  21.76 47.99 13.23 2.71 
TABLE 11.- THERMAL PROPERTIES OF TPS MATERIALS 
. 
remperature Conduct ivi ty  remperature S p e c i f i c  hea t  
Material Emissivi t  
K OR -W Btu-f t  K OR J Btu 
m-K, f t 2 - s e c - O R  k g - K  Ib-OR 
L-605 297 535 8.648 0.001 389 297 535 368.11 0.0880 0.87 
1260 2260 28.368 .004556 1367 2460 533.34 .1275 
Inconel  397 535 9.439 0.001 516 297 535 418.31 0.100 0.87 
775 1395 18.306 .002940 1260 2260 418.31 . l o o  
1260 2260 39.333 .0047 11 
~ 
Titanium 297 535 6.488 0.001042 297 535 554.26 0.1325 
1144 2060 17.727 .002847 589 1060 610.73 .I460 
922 1660 775.96 .1855 
~ 
VIicroquart z 297 535 0.045 0.00000722 297 535 778.05 D. 186 
666 1200 .092 .0000 1472 489 880 978.84 .234 
1260 2260 .247 ,0000397 767 1380 1129.43 .270 






TABLE 111.- SUMMARY OF TESTS 




































































































temperature temperature ,  sec 
K OR hermal erothermal 
~ 
1033 1860 1096 
811 1460 1986 
I145 2060 402 
811 1460 485 
a81 1 1460 447 
1145 20 60 1068 
81 1 1460 420 
811 1460 430 
1145 2060 710 
b1467 2640 
1145 2060 56 1 
1145 2060 1035 
1145 2060 585 
b1478 2660 
1145 2060 606 
1145 2060 748 
1145 2060 657 
1145 2060 1080 
1145 2060 1005 
1145 2060 576 
1145 2060 1042 
1145 2060 604 
1145 2060 875 
1145 2060 653 
1145 2060 1208 
1145 2060 1252 
1145 2060 1170 
1145 2060 626 
1145 2060 443 
1145 2060 480 
1145 2060 590 
1 i45 2060 466 
-
T o t a l  time 23 306 
-
aArcing from lamps t o  panel .  
bUncontroll  ed h e a t i n g  . 
17 

TABLE 1V.- AEROTHERMAL TEST CONDITIONS 

a, Tt P t  Pm 'm P l  q1 AP Pb R
Test deg 
K OR MPa p s i  kPa p s i  kPa p s i  M, Ml kPa p s i  kPa p s i  kPa p s i  Pa 1 P s i  p e r  m 
I 7  0 1778 3200'16.92 2454 2.151 0.312'60.67 8.80 6.48l6 .48 '  2.14 0.31 1 60.67 8.80 , 0.689 -0.10 2.21 0.32 5.38 X 106 1.64 x 106 
8 -5.1,  -9.0 176313174 16.93~24562.164' .314 59.71 18 .66  6.47 5.00 7.2411.05 123.00 17.841-0.14, -4.621-0.02, -0.67 1.38, 2 .21/0 .20 ,  0 .32 '5 .41  1.65 
11 -13.18 1689 3041 16.94'2458 2.199 .319 60.40 8.76 6.33 4.50 11.86 1.72 161.32 23.40 2.90 .42 6.55 ' .95 5.84 1.78 
13 -12.06 1757 3162 17.10 2480 2.199 .319 61.43 8.91.6.45 4.63 10.62 1.54 151.75 22.01 2.27 .33 7.45 1.08 5.51 1.68 
15 -12.16 1762 3172 17.04 2471 2.192 .318 61.23 8.88 6.45 4.63 10.55 1.53 151.27 21.94 8 .62 ,  4.82 1.25, 0.70 1.10, 7.16 0.16, 1.14 5.44 1.66 
16 -11.83 1649 2969 16.90 2451 2.199 .319 59.50 8.63 6.25 4.55 10.20 1.48 142.03 20.60 3.38 .49 8.00 1.16 6.07 1.85 
17 -11.93 1761 3170 16.92 2454 2.164 .314 59.64 8.65 6.41 4.59 10.14 1.47 144.10 20.90 2.90 .42 8.00 1.16 5.45 1.66 
20 -12.03 1811 3260 17.04 2471 2.158 .313 62.60 9.08 6.51 4.63 10.76 1.56 153.55 22.27 4.21 .61 8.27 1.20 5.25 1.60 
22 -12.08 1794 3228 17.06 2Q75 2.171 .315 61.91 8.98 6.49 4.63 10.69 1.55 152.37 22.10 6 .89 ,  -2.00 1 . 0 ,  -0.29 7.79 1.13 5.35 1.63 
29 -12.31 1644 2960 17.01 2467 2.675 .388 71.71 10.40 6.24 4.55 12.89 1.87 182.02 26.40 6 .89 ,  -2.20 1.0,  -0.32 8.39 1.21 6.10 1.85 
30 -12.34 1781 3206 16.70 2423 2.137 .310 60.12 8.72 6.48 4.55 10.55 1.53 146.38 21.23 5 .86 ,  -0.90 0.85, -0.13 8.27 1.20 5.35 1.63 
31 -12.46 1778 3200 17.13 2484 2.178 .316 61.43 8.91 6.48 4.55 10.76 1.56 149.69 21.71 6.21, -2.07 0.90, -0.30 8.27 1.20 5.45 1.66 
32 -12.43 1641 2953 17.02 2469 2.220 ,322 59.85 8.68 6.24 4.50 10.76 1.56 145.76 21.14 ,5 .52 ,  -1.38 0.80, -0.20, 8.34 1.21 6.14 1.87 
400 
1400 r 1 2 5 0 0  
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(a) Temperature history. 
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(b) Differential pressure history. 

Figure 1.- Panel-entry-surface temperature and differential pressure 
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( a )  S h i n g l e - s l i p  j o i n t  s u p p o r t s .  
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\L Bolts 
(b) Drag supports. 
Figure 7.- Concluded. 
View A-A 
Pressure  t ransducer  support bracketsr 
*	 ~ . [I-shaped STFS 
Hat-shaped stiffeners Hat-shaped channels 
L-77- 164 
Figure 8.- Bottom side of TPS test assembly. 
--- 
Boundary-layer tr ip of 0.24 (0.094) diameter spheres 




( a )  Planview wi thout  TPS. 
Vent door 7 

A e r o d . - - ’ G  1 
Leading edge Back surface Fill door 
(b) Longi tudina l  c r o s s  s e c t i o n .  








( a >  Leading  edge of p a n e l .  
F i g u r e  11.- TPS edge f a i r i n g s .  

(b )  T r a i l i n g  edge of panel .  
Figure 1I,.- Concluded. 
Flow 
Leading-edge fairing 







( b )  Side-edge seal .  
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(a> General location of instrumentation. 
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( b )  Thermocouple locations. 
Figure 13.- Concluded. 
diffuser 
83.8 (275) Lr 
( a )  Schematic of  t unne l .  
,- Acoustic baffles and 
Te st chamber radiators retracted 
Panel holder in test  position 
Panel holder retracted 	 Acoustic baffles and 
radiators extended 
(b) Model p o s i t i o n  during preheat .  ( c )  Model p o s i t i o n  during t e s t .  
Figure 14.- Langley 8-foot high-temperature s t r u c t u r e s  tunne l .  Dimensions are i n  m ( f t ) .  
Wul 

, .._ . 
Uncontrolled cooling 
6 Radiant heating 
Temperature 
2.8 K (5' R)/sec 
Time 
( a )  Thermal cyc le  by r a d i a n t  hea t ing .  
Aerothermal heating-Radiant heating 
Temperature 
Time 
( b )  Radiant-preheat-aerothermal exposure.  
Figure 15.- Typical  su r f ace  temperature  time h i s t o r i e s .  
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L-4- Region modeled 




V-, 0.008 (0.003) Inconel foil 
Silica fibrous insulation (Micro-quartz) 
0.008 (0.003) Inconel foil 
t­ 0.191 (0.075) Titanium primary structure 
F igure  16.- Panel  components and h e a t i n g  modes used i n  t h e  thermal  a n a l y s i s .  
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Figure 17.- Test panel  s u r f a c e  temperature  time h i s t o r i e s .  
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( a )  Center of panel.  
Figure 18.- Typical rad ian t -hea t ing  temperature time h i s t o r i e s  a t  var ious  l o c a t i o n s  
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(b) Along sh ingle-s l ip  j o i n t  and support .  
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F i g u r e  1.8.- Concluded. 
,-Shingle-slip joint 














‘-Primary s t ructure  
, ,4 
7 4--Center of panel
Shingle-slip joint--o--Drag support  joint 
1 2 3 4 5 6 7 8 9 em 
I 1 ~~~ I I I I I I 
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Depth from surface 
Figure 19.- Typica l  r ad ian t -hea t ing  temperature  d i s t r i b u t i o n s  through 
depth of TPS af ter  750 sec. (Test 3 . )  
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(b) Surface temperature, differential pressure, and angle of attack 

during aerothermal test. 
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Figure 21.- Typica l  aero thermal  temperature  d i s t r i b u t i o n s  
through depth of pane l .  
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Figure  22.- Temperatures and d e f l e c t i o n s  a t  c e n t e r  of  pane l  dur ing  r a d i a n t  h e a t i n g  f o r  t es t  3. 
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Figure 23.- Comparison of temperature time h i s t o r i e s  near  beginning 
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Figure 24.- Measured n a t u r a l  f r equenc ie s  before  and a f t e r  the  t e s t  
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